Introduction
============

Lung cancer is one of the most frequently diagnosed types of cancer and the leading cause of cancer-associated mortality in males worldwide ([@b1-ol-0-0-5665]). The majority of lung cancer cases are classed as non-small cell lung cancer (NSCLC), which accounts for \~85% of all lung cancer cases. Surgical resection, chemotherapy and radiotherapy are the primary therapeutic methods for the treatment of NSCLC; however, the 5-year survival rate in patients with NSCLC is \<15% ([@b2-ol-0-0-5665]), thus it is essential that novel diagnostic and therapeutic methods are developed. Recent clinical studies indicate the potential of immunotherapy for the treatment of lung cancer ([@b3-ol-0-0-5665],[@b4-ol-0-0-5665]).

The selection of a good therapeutic target is necessary to achieve a beneficial outcome through cancer immunotherapy. Antigens encoded by cancer-germline genes are considered potential targets for cancer immunotherapy, as they are expressed exclusively within immune-privileged germ cells and various malignancies ([@b5-ol-0-0-5665]). Immunotherapy that targets cancer-germline genes, such as MAGE-A3, represents a potential therapeutic approach for the treatment of NSCLC ([@b6-ol-0-0-5665]). In addition, MAGE-A3 antigen-specific T-cell receptor (TCR) modified T-cell therapy has been demonstrated to effectively kill lung cancer cells ([@b7-ol-0-0-5665]).

As of 2013, 265 cancer-germline genes have been identified, 105 of which are located on the X chromosome ([@b8-ol-0-0-5665]); however, their biological function in tumors remains poorly understood. Cancer-germline genes are considered important factors in oncogenesis, influencing the immortality, invasiveness, immune evasion capability and metastatic capacity of tumor cells ([@b9-ol-0-0-5665]). Downregulation of cancer-germline gene expression could modify tumor cell morphology, adhesion and migration ([@b10-ol-0-0-5665],[@b11-ol-0-0-5665]). Malignant tissues frequently coexpress several cancer-germline genes, whose expression levels are associated with advanced tumor stage and poor patient prognosis ([@b9-ol-0-0-5665]). Antigens encoded by cancer-germline genes are considered potential markers of poor prognosis and attractive targets for immunotherapy in various cancers ([@b12-ol-0-0-5665],[@b13-ol-0-0-5665]). Lung cancer frequently exhibits expression of these genes. Several studies have investigated the mRNA and protein expression of cancer-germline genes in lung cancer ([@b14-ol-0-0-5665]--[@b19-ol-0-0-5665]). Cancer-germline gene expression is induced through promoter demethylation by DNA demethylation agents ([@b15-ol-0-0-5665],[@b20-ol-0-0-5665],[@b21-ol-0-0-5665]). MAGE-A3 and MAGE-C2 (MAGE-A3/C2) have been recognized as attractive potential targets for cancer immunotherapy ([@b22-ol-0-0-5665]--[@b27-ol-0-0-5665]). Previous studies have indicated that overexpression of MAGE-A3/C2 is associated with tumor metastasis and poor clinical outcome ([@b28-ol-0-0-5665],[@b29-ol-0-0-5665]). However, the expression and prognostic significance of MAGE-A3/C2 in NSCLC remains unclear.

In the present study, the frequency of MAGE-A3/C2 expression at the mRNA and protein level in NSCLC samples was detected. The association between MAGE-A3/C2 expression and the clinicopathological characteristics, in addition to the overall survival, of patients with NSCLC was subsequently evaluated. In addition, the underlying mechanisms through which MAGE-A3 expression influences NSCLC cell biology were investigated *in vitro*.

Materials and methods
=====================

### Cell line and tumor samples

The human NSCLC cell line A549 was purchased from Shanghai Cell Bank, Chinese Academy of Sciences (Shanghai, China), and was cultured in RMPI 1640 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal calf serum (FBS; Hyclone; GE Healthcare, Logan, UT, USA), penicillin (100 U/ml), and streptomycin (100 µg/ml). The cell culture was maintained at 37°C with 5% CO~2~ in a humidified atmosphere. A total of 206 NSCLC specimens and paired adjacent healthy lung tissue samples were collected at the First Affiliated Hospital of Zhengzhou University (Zhengzhou, China) between November 2012 and December 2013 (first cohort). The sample collection process was approved by the First Affiliated Hospital of Zhengzhou University Ethics Committee and informed consent was obtained from each patient. None of the patients received preoperative chemotherapy or radiotherapy. A total of 76 formalin-fixed, paraffin-embedded (FFPE) NSCLC tissue samples and 7 corresponding adjacent healthy tissue samples were obtained from the Department of Pathology at the First Affiliated Hospital of Zhengzhou University from patients who were diagnosed with NSCLC between September 2008 and August 2009 (second cohort). Lung cancer is staged according to the system advocated by the American Joint Committee on Cancer and the Union for International Cancer Control, which as of 2010 is in its 7th edition ([@b30-ol-0-0-5665],[@b31-ol-0-0-5665]). Details of the clinicopathological characteristics of patients from the two cohorts are detailed in [Table I](#tI-ol-0-0-5665){ref-type="table"}.

### Reverse transcription-polymerase chain reaction (RT-PCR) and quantitative (q)PCR

Total RNA was isolated using TRIzol reagent according to the manufacturer\'s instructions (Invitrogen; Thermo Fisher Scientific, Inc.). The concentration and purity of all samples were verified using NanoDrop2000 (Thermo Fisher Scientific, Inc.). cDNA was obtained using a PrimeScript™ RT reagent kit (Takara Bio, Inc., Otsu, Japan) according to the manufacturer\'s instructions. Briefly, samples containing l µg total RNA were incubated with 1 µl gDNA Eraser, 2 µl 5X gDNA eraser buffer and RNase-free dH~2~O at 42°C for 2 min. After adding the enzyme mix, the reaction was incubated at 37°C for 15 min. The cDNA was amplified using Premix Tap (Takara Bio, Inc.) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control. The initial step was performed at 94°C for 5 min, the amplification was performed for 35 cycles of denaturation at 95°C for 30 sec, annealing at 58°C for 30 sec and elongation at 72°C for 30 sec. Following the last cycle, a terminal elongation step (5 min at 72°C) was added and then the samples were kept at 4°C. The PCR products were separated on 1.5% agarose gel stained with ethidium bromide and recorded. The expected sizes of GAPDH, MAGE-A3 and MAGE-C2 RT-PCR products were 233, 239 and 189 bp, respectively. PCR products from samples positive for MAGE-A3/C2 were sequenced by Sangon Biotech Co., Ltd. (Shanghai, China). qPCR was performed using SYBR Premix Ex Taq II (Takara Bio, Inc.) and an Mx3005P qPCR system (Agilent Technologies, Inc., Santa Clara, CA, USA), in order to quantify the mRNA expression of MAGE-A3 and epithelial-mesenchymal transition (EMT) markers in A549 cells transfected with scrambled small interfering RNA (siRNA) and siRNA targeting MAGE-A3 after 48 h. The thermal cycling conditions included an initial denaturation for 30 sec at 95°C and 40 cycles consisting of an annealing step at 95°C for 5 sec and an extension step at 60°C for 20 sec. Each sample was analyzed in triplicate. The abundance of mRNA for each gene of interest was normalized to GAPDH. Each sample obtained from three independent experiments was used for analysis of relative gene expression using the 2-ΔΔCq method ([@b32-ol-0-0-5665]). mRNAs being quantified and their primers sequences are illustrated in [Table II](#tII-ol-0-0-5665){ref-type="table"}.

### Immunohistochemistry (IHC)

MAGE-A3/C2 protein staining was performed using 4-µm-thick sections of FFPE tissues. Sections were treated with 3% H~2~O~2~ and 5% bovine serum albumin for 30 min at room temperature, and then incubated with anti-human MAGE-A3 (1:150 dilution; catalog no. ab140678; Abcam, Cambridge, UK) and MAGE-C2 (1:400 dilution; catalog no. ab209667, Abcam) primary antibodies overnight at 4°C. Following incubation with horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature, the sections were washed and counterstained with hematoxylin and visualized under a microscope (Olympus, Tokyo, Japan). Samples were considered positive for MAGE-A3/C2 following the detection of any nuclear and/or cytoplasmic antibody signal in the tumor cells. Samples with complete absence of antibody signal were considered negative for each MAGE tested. Detection of MAGE-A3/C2 expression in testis tissue was used as a positive control and samples that underwent the same process with the absence of primary antibody treatment were used as a negative control.

### Flow cytometry and sequence-specific primer (SSP)-PCR

Expression of human leukocyte antigen (HLA)-A2 on peripheral blood mononuclear cells (PBMCs) from cohort 1 patients was detected using flow cytometry and verified through SSP-PCR. PBMCs were incubated with phycoerythrin-conjugated mouse anti-human HLA-A2 monoclonal antibody (catalog no. 343305; BD Biosciences, Franklin Lakes, NJ, USA), at an appropriate concentration (\~5×10^5^ cells were resuspended in 100 µl PBS and added to 2 µl anti-human HLA-A2 antibody) according to the manufacturer\'s instructions, for 15 min at 4°C in the dark. Samples were analyzed by flow cytometry (BD FACSCanto II; BD Biosciences). The results were also verified by SSP-PCR using two pairs of HLA-A2 primers ([Table II](#tII-ol-0-0-5665){ref-type="table"}).

### siRNA-mediated gene knockdown

Scrambled negative control siRNA (Scrambled siRNA sense, 5′-UUC UCC GAA CGU GUC ACG UTT-3′ and antisense, 5′-ACG UGA CAC GUU CGG AGA ATT-3′) and siRNA targeting MAGE-A3 (si-MAGE-A3 sense, 5′-CAG UGA UCC UGC AUG UUA UTT-3′ and antisense, 5′-AUA ACA UGC AGG AUC ACU GTT-3′) were provided by Shanghai GenePharma (Shanghai, China). Transfection siRNA into NSCLC cells was performed using Lipofectamine^®^ 3000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) at a final concentration of 36 nM. The efficiency of siRNA knockdown was subsequently confirmed using qPCR (as aforementioned).

### Cell apoptosis and colony formation assays

Following NSCLC cell siRNA transfection, as described above, for 48 h, 1×10^5^ transfected cells were collected and centrifuged at 300 × *g* at room temperature for 10 min. Thereafter, cells incubated with AlexaFluor647 Annexin V (BioLegend, Inc. San Diego, CA, USA) for 15 min at 4°C in the dark, and propidium iodide (PI; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) was added. Samples were immediately analyzed by flow cytometry (BD FACSCanto II; BD Biosciences). For the colony formation assay, cells transfected with specific or scrambled si-RNA were plated on 6-well plates (Costar; Corning, Inc., NY, USA) at a density of 1,000/well maintained in RPMI-1640 medium containing 10% FBS and 4 µg/ml heparin (Sigma-Aldrich; Merck Millipore), B27 (1:50 dilution; Gibco; Thermo Fisher Scientific, Inc.), 20 ng/ml EGF, 20 ng/ml basic fibroblast growth factor (both Sigma-Aldrich; Merck Millipore), 100 IU/ml penicillin and 100 µg/ml streptomycin for 7 days. The colonies were counted under a low magnification microscope (Leica Microsystems, GmbH, Wetzlar, Germany) and a group of \>30 cells or a diameter of \>1 mm in each well was defined as a colony.

### Cell migration assay

Cell migration was assessed in 24-well Boyden Chambers (Corning, Inc.) according to the manufacturer\'s protocol. Cells that migrated to the underside of the membranes of each insert were counted at ×100 magnification in five random areas under a low magnification microscope (Leica Microsystems GmbH).

### Statistical analysis

Statistical analysis was performed using SPSS software (version 17.0; SPSS, Inc., Chicago, IL, USA). Pearson\'s chi-squared test was used to evaluate the association between MAGE-A3/C2 expression and the clinicopathological characteristics of patients with NSCLC. The Kaplan-Meier estimator was performed to evaluate the overall survival of patients. Univariate and multivariate Cox\'s proportional hazard regression model analysis were used to evaluate the prognostic significance of MAGE-A3/C2 expression in NSCLC. All experiments were repeated three times and results are expressed as the mean ± standard deviation. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Association between MAGE-A3/C2 mRNA expression and the clinicopathological characteristic of patients with NSCLC

MAGE-A3/C2 mRNA expression was analyzed in 206 lung cancer tissue and paired adjacent lung tissue samples from patients with NSCLC (cohort 1) using RT-PCR. MAGE-A3/C2 was not expressed in paired adjacent healthy lung tissue, but was frequently expressed in corresponding NSCLC tissues ([Fig. 1A](#f1-ol-0-0-5665){ref-type="fig"}). The RT-PCR products from three MAGE-A3/C2 positive samples were subsequently sequenced. The obtained sequences had high intra-isolate and inter-isolate nucleotide consistency. Expression of MAGE-A3 and MAGE-C2 mRNA was identified in 73 and 53% of NSCLC cases, respectively. The association between MAGE-A3/C2 expression and the clinicopathological characteristics of patients with NSCLC are illustrated in [Table III](#tIII-ol-0-0-5665){ref-type="table"}. Positive MAGE-A3 mRNA expression was significantly associated with lymph node metastasis and stage III--IV disease. A higher frequency of MAGE-A3 was found in patients with lymph node metastasis at diagnosis (84%) compared with patients without lymph node metastasis at diagnosis (68%) (P=0.012). In total, 60% of patients with stage I, 68% of patients with stage II and 90% of patients with stage III--IV disease expressed MAGE-A3 (P=0.006). However, MAGE-C2 mRNA expression was not significantly associated with any clinicopathological characteristics. These results indicate that MAGE-A3 is associated with the development and progression of NSCLC, suggesting it is a biomarker of poor patient prognosis.

Coexpression analysis of MAGE-A3 and MAGE-C2 in NSCLC tissue revealed that at least one of the MAGEs analyzed were expressed in 82% of samples. Coexpression of MAGE-A3 and MAGE-C2 was identified in 45% of samples (data not shown). The frequency of coexpression was significantly higher in patients that were \<65 years old (P=0.002) and those with advanced disease stage (P=0.014) ([Table III](#tIII-ol-0-0-5665){ref-type="table"}). A statistically significant pattern of coexpression between MAGE-A3 and MAGE-C2 was also identified (P=0.0001; data not shown). These results suggest that 82% of patients with NSCLC would be eligible for antigen-specific immunotherapeutic approaches targeting MAGE-A3 or MAGE-C2.

### Percentage of samples coexpressing HLA-A2 and MAGE-A3/C2

Among cohort 1 patients with NSCLC, 47% of samples expressed HLA-A2, 37% coexpressed HLA-A2 and MAGE-A3, and 26% coexpressed HLA-A2 and MAGE-C2 (data not shown). A previous study revealed that 29% of patients with NSCLC coexpressed HLA-A2 and MAGE-A3 in a Japanese cohort ([@b12-ol-0-0-5665]). Patients with coexpression of HLA-A2 and MAGE-A3/C2 may benefit from HLA-A2 restricted peptide vaccination or antigen-specific TCR modified T cell therapy. The redirection of T cell targeting through TCR gene modification has been demonstrated to be a valuable strategy for cancer immunotherapy ([@b33-ol-0-0-5665]).

### Expression of MAGE-A3 mRNA is increased in male smokers with NSCLC

*MAGE-A3* mRNA expression was identified in 76% of male patients (cohort 1; n=141; [Table III](#tIII-ol-0-0-5665){ref-type="table"}). Furthermore, 72% (101/141) of male patients had a prolonged smoking history (\>20 years). MAGE-A3 mRNA was demonstrated to be expressed in 81% of male smokers with NSCLC and 63% of male non-smokers. MAGE-A3 mRNA expression was significantly correlated with the pack-year smoking history of the male patients (P=0.019; data not shown), indicating that male patients with a history of smoking may have a poorer prognosis compared with male non-smokers and could benefit from MAGE-A3 targeted immunotherapy.

### Correlation between MAGE-A3/C2 expression and the overall survival of patients with NSCLC

To assess the association between MAGE-A3/C2 protein expression and the overall survival of patients with NSCLC, the protein expression of MAGE-A3 and MAGE-C2 in NSCLC cancer tissues (cohort 2) was detected using IHC. Representative results are illustrated in [Fig. 1B](#f1-ol-0-0-5665){ref-type="fig"}. MAGE-A3/C2 protein was absent in healthy adjacent lung tissue samples. In cancerous tissue samples, 58% (44/76) and 53% (40/76) were positive for MAGE-A3 and MAGE-C2 protein expression, respectively (data not shown). The majority of immunoreactivity to MAGE-A3/C2 was observed in the cytoplasm, with fewer nuclei stained. The association between MAGE-A3/C2 protein expression and the clinicopathological characteristics of patients with NSCLC in cohort 2 was subsequently analyzed ([Table IV](#tIV-ol-0-0-5665){ref-type="table"}). MAGE-A3 protein expression was identified to be significantly correlated with lymph node metastasis (P=0.044) and tumor stage (P=0.038), as 48% (19/40) of non-lymph node metastasis and 70% (25/36) of lymph node metastasis cancer tissue samples were MAGE-A3 positive. In addition, 48% (20/42) of stage I--II and 71% (24/34) of stage III--IV tumors were MAGE-A3 positive. There was no statistically significant association between MAGE-C2 protein expression and tumor stage (P=0.271). Coexpression of MAGE-A3 and MAGE-C2 protein was identified in 26% (28/76) of NSCLC samples and was significantly correlated with tumor stage (P=0.030).

The association between MAGE-A3/C2 expression and the overall survival of patients was analyzed. Regarding MAGE-A3 expression, 32/76 patients who did not express MAGE-A3 were identified and 9 succumbed to mortality (median survival time, 48 months; data not shown). A total of 44/76 patients who expressed MAGE-A3 were identified and 31 succumbed to mortality (median survival time, 24 months; data not shown). Overall survival was significantly negatively correlated with MAGE-A3 expression (P=0.0002; [Fig. 2A](#f2-ol-0-0-5665){ref-type="fig"}). For MAGE-C2 expression, 36/76 patients who did not express MAGE-C2 were identified and 15 succumbed to mortality (median survival time, 49 months; data not shown). A total of 40/76 patients with MAGE-C2 expression were identified and 25 succumbed to mortality (median survival time, 24 months; data not shown). In addition, overall survival was significantly negatively correlated with MAGE-C2 expression (P=0.032; [Fig. 2B](#f2-ol-0-0-5665){ref-type="fig"}). Coexpression of MAGE-A3 and MAGE-C2 was also correlated with a poorer overall survival of patients with NSCLC (P=0.0002; [Fig. 2C](#f2-ol-0-0-5665){ref-type="fig"}). In addition, multivariate analysis demonstrated that MAGE-A3 expression was an independent predictor of poor prognosis (hazard ratio, 3.226; 95% confidence interval, 1.446--7.918; P=0.004; [Table V](#tV-ol-0-0-5665){ref-type="table"}). This indicates that MAGE-A3 is a marker of poor prognosis in patients with NSCLC.

### MAGE-A3 siRNA knockdown

Clinicopathological data analysis demonstrated that MAGE-A3 expression was significantly correlated with advanced tumor stage (P=0.006; [Table III](#tIII-ol-0-0-5665){ref-type="table"}) and poor patient prognosis (P=0.0002; [Fig. 2A](#f2-ol-0-0-5665){ref-type="fig"}), indicating that MAGE-A3 expression contributes to tumor metastasis and invasion. Thus, siRNA knockdown was performed to identify the function of MAGE-A3 in NSCLC cells. High-level MAGE-A3 mRNA expression in the NSCLC cell line A549 cells was confirmed, and siRNA specific to MAGE-A3 was purchased and tested (data not shown). A total of 48 h post-transfection, si-MAGE-A3 downregulated MAGE-A3 expression by 80--90% compared with cells transfected with scrambled siRNA (P=0.0018; [Fig. 3A](#f3-ol-0-0-5665){ref-type="fig"}).

### Effect of MAGE-A3 knockdown on A549 cell apoptosis and clonogenic survival

To investigate the biological effect of MAGE-A3 downregulation, siRNA knockdown of MAGE-A3 was performed and the growth phenotypes of A549 cells were examined. The effect of MAGE-A3 knockdown on cell apoptosis was determined through a PI-Annexin V assay. The knockdown of MAGE-A3 expression did not affect cell apoptosis (P=0.3592; [Fig. 3B](#f3-ol-0-0-5665){ref-type="fig"}). The ability of si-MAGE-A3-treated cells to form colonies 7 days following transfection was subsequently analyzed. The clonogenic cell survival assay assesses the ability of single cells to proliferate, and form independent and viable colonies. Knockdown of MAGE-A3 significantly reduced the colony-forming ability of A549 cells by 50% compared with control levels (P=0.0041; [Fig. 3C](#f3-ol-0-0-5665){ref-type="fig"}).

### Effect of MAGE-A3 knockdown on A549 cell migration and EMT

Clinicopathological data analysis indicated that MAGE-A3 was involved in tumor metastasis. To confirm whether MAGE-A3 serves a role in the migration of A549 cells a Transwell migration assay was performed. The assay demonstrated that treatment with siRNA targeting MAGE-A3 significantly inhibited the migration of A549 cells (P=0.0098; [Fig. 3D and E](#f3-ol-0-0-5665){ref-type="fig"}). EMT influences the migration ability of tumor cells. Therefore, expression levels of several well-known EMT-associated factors \[epithelial-cadherin (E-cadherin), neural-cadherin, vimentin and snail family transcriptional repressor 2\] were measured. As expected, following si-MAGE-A3 treatment of A549 cells, the expression of E-cadherin was significantly increased compared with the control cells (P=0.0212; [Fig. 3F](#f3-ol-0-0-5665){ref-type="fig"}). In contrast, the expression of mesenchymal cell markers decreased significantly (P\<0.05; [Fig. 3F](#f3-ol-0-0-5665){ref-type="fig"}). These results indicate that the regulation of expression of MAGE-A3 is associated with the EMT of tumor cells.

Discussion
==========

Cancer-germline genes were first discovered and described in 1991 ([@b34-ol-0-0-5665]). Antigens encoded by cancer-germline genes are exclusively expressed within germ cells and a number of malignancies, making them attractive targets for cancer immunotherapy ([@b9-ol-0-0-5665],[@b35-ol-0-0-5665],[@b36-ol-0-0-5665]). When selecting appropriate targets for cancer immunotherapy, it is important to consider the frequency of expression of the target within the cancer cells of interest. To improve the application and efficiency of immunotherapy for patients with NSCLC, it is necessary to determine the pattern and frequency of cancer-germline gene expression, in addition to the corresponding antigens encoded by these genes, in NSCLC samples. Numerous studies have investigated the expression of cancer-germline genes in NSCLC using IHC or RT-PCR ([@b15-ol-0-0-5665]--[@b17-ol-0-0-5665],[@b19-ol-0-0-5665],[@b37-ol-0-0-5665]). However, to the best of our knowledge, the expression pattern of MAGE-C2 has not yet been investigated. In the present study, the expression of MAGE-A3, MAGE-C2 and their coexpression was investigated.

MAGE-A3 is one of the most commonly expressed cancer-germline genes in malignancies. It has been suggested that MAGE-A3 is expressed in 35--75% of patients with NSCLC, and is associated with advanced tumor stage and poor patient prognosis ([@b6-ol-0-0-5665],[@b9-ol-0-0-5665],[@b38-ol-0-0-5665],[@b39-ol-0-0-5665]). In the present study, the frequency of MAGE-A3 protein expression was decreased compared with that of MAGE-A3 mRNA in the tumor tissue of patients with NSCLC. Similar discrepancies between the expression of other MAGE mRNAs and proteins have been demonstrated in other types of cancer ([@b40-ol-0-0-5665],[@b41-ol-0-0-5665]). The lower frequency of protein expression may be due to the lower sensitivity of IHC compared with RT-PCR and variation between tumor samples. Thus, further studies are warranted to determine whether MAGE-A3 expression at the mRNA or protein level is a better predictor of the patients with NSCLC in which vaccination therapy will be most effective.

MAGE-A3 mRNA and protein expression was significantly correlated with lymph node metastasis in the present study, indicating that MAGE-A3 influences the ability of tumor cells to metastasize to lymph nodes. The results of the current study suggest that downregulation of MAGE-A3 expression reduces the ability of cells migrate through repressing mesenchymal and inducing epithelial cell phenotype. Knockdown of cancer-germline genes could alter cell migration, proliferation and EMT, which was consistent with the results of previous studies ([@b10-ol-0-0-5665],[@b42-ol-0-0-5665]). MAGE-A3 expression was significantly positively correlated with smoking history in patients with NSCLC, indicating that smoking may serve a role in DNA demethylation and the subsequent induction of MAGE-A3 expression. These results are similar to those of several previous studies ([@b9-ol-0-0-5665],[@b43-ol-0-0-5665]--[@b45-ol-0-0-5665]). Smoking is known to be involved in cancer promotion and progression ([@b46-ol-0-0-5665],[@b47-ol-0-0-5665]). In addition, MAGE-A3-positive patients had a significantly poorer overall survival compared with MAGE-A3-negative patients. Multivariate analysis revealed that MAGE-A3 expression is an independent marker of poor prognosis in patients with NSCLC. MAGE-A3 is considered a potential target for NSCLC immunotherapy, particularly in advanced stage tumors, due to its relatively high level of expression in NSCLC. MAGE-A3-positive patients typically require further treatment following surgery and could benefit from immunotherapy targeting MAGE-A3.

MAGE-C2 belongs to the MAGE family of cancer-germline genes and has been proposed as a suitable candidate for immunotherapy in patients with hepatocellular carcinoma ([@b29-ol-0-0-5665]). MAGE-C2 has also been associated with tumor metastasis in breast cancer through inducing EMT ([@b48-ol-0-0-5665]). Previous studies have suggested a correlation between MAGE-C2 expression and advanced pathological tumor stage, in addition to poor prognosis, in different tumor types, including multiple myeloma and hepatocellular carcinoma ([@b24-ol-0-0-5665],[@b29-ol-0-0-5665]). In the present study, the frequency of MAGE-C2 expression was higher in male patients with NSCLC and in patients with an advanced tumor stage; however, no correlation was identified between MAGE-C2 expression and clinicopathological characteristics of NSCLC. The overall survival of MAGE-C2-positive patients was significantly decreased compared with MAGE-C2-negative patients. These results indicate that MAGE-C2 is a target for immunotherapy and a potential prognostic marker in patients with NSCLC.

Coexpression of MAGE-A3 and MAGE-C2 was significantly positively correlated with advanced tumor stage and poor patient prognosis. Several previous studies have indicated that the coexpression of MAGE-A3 and MAGE-C2 is correlated with advanced tumor stage and poor patient prognosis in a number of tumor types ([@b49-ol-0-0-5665],[@b50-ol-0-0-5665]). Furthermore, combined polyvalent or sequential single vaccinations targeting multiple antigens encoded by cancer-germline genes could improve antitumor activity in NSCLC.

In conclusion, the present study identified a significant positive correlation between MAGE-A3 expression and tumor progression, in addition to poor patient prognosis. These results suggest that MAGE-A3 is a potential target for cancer immunotherapy. In addition, MAGE-A3 was identified to be an independent marker of poor prognosis in patients with NSCLC. A large proportion of patients with NSCLC, particularly patients with an advanced tumor stage who express MAGE-A3/C2, could benefit from vaccination with MAGE-A3/C2 antigens or antigen-specific TCR modified T cell therapy.
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![Representative mRNA and protein expression of MAGE-A3/C2 in NSCLC tissues. (A) Agarose gel electrophoresis of reverse transcription polymerase chain reaction results for MAGE-A3/C2 mRNA expression in NSCLC samples. GAPDH was used as an internal control. Lanes: M, marker; 1, normal testis tissue used as a positive control; 2, healthy lung tissue; 3--10, NSCLC tissues. (B) Immunohistochemical analysis of MAGE-A3/C2 protein expression in NSCLC specimens. (B) Tumor staining with monoclonal antibodies against MAGE-A3/C2. a, MAGE-A3 positive normal testis sample (positive control); b, MAGE-A3-positive NSCLC sample; c, MAGE-A3-negative NSCLC sample; d, MAGE-C2-positive normal testis sample (positive control); e, MAGE-C2-positive NSCLC samples; f, MAGE-C2-negative NSCLC sample. Magnification, ×200. MAGE, melanoma-associated antigen; NSCLC, non-small cell lung cancer; bp, base pairs.](ol-13-03-1609-g00){#f1-ol-0-0-5665}

![Kaplan-Meier estimator overall survival curves for patients with NSCLC. Overall survival of patients with NSCLC who underwent surgical resection based on expression of (A) MAGE-A3, (B) MAGE-C2 and (C) MAGE-A3 and MAGE-C2. MAGE, melanoma-associated antigen; NSCLC, non-small cell lung cancer.](ol-13-03-1609-g01){#f2-ol-0-0-5665}

![Effect of MAGE-A3 knockdown on A549 cells. (A) Evaluation of efficiency of si-mediated MAGE-A3 knockdown via qRT-PCR analysis. (B) Effect of MAGE-A3 knockdown on cell apoptosis was detected through flow cytometry and quantified. (C) Depletion of MAGE-A3 inhibited cell colony formation. (D) Representative distinction of migration in A549 cells treated by scrambled and specific MAGE-A3 siRNA. (E) Downregulation of MAGE-A3 in A549 cells resulted in reduced cell migration. (F) Effect of MAGE-A3 knockdown on the expression of epithelial-mesenchymal transition markers was detected by qRT-PCR. All experiments were repeated ≥3 times. Data were compared using paired two-tailed *t*-tests. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001 vs. the scrambled control group. MAGE, melanoma-associated antigen; si, small interfering RNA; EMT, epithelial-mesenchymal-transition marker; E-cad, epithelial-cadherin; N-cad, neural-cadherin; SLUG, snail family transcriptional repressor 2; Vim, vimentin; bp, base pairs; qPCR, quantitative polymerase chain reaction.](ol-13-03-1609-g02){#f3-ol-0-0-5665}

###### 

Clinicopathological characteristics of patients with non-small cell lung cancer.

                                 Number of patients (%)   
  ------------------------------ ------------------------ ---------
  Age at diagnosis (years old)                            
    \<65                         143 (69)                 50 (66)
    ≥65                            63 (31)                26 (34)
  Gender                                                  
    Male                         141 (68)                 50 (66)
    Female                         65 (32)                26 (34)
  Histological grade                                      
    G1                             26 (13)                18 (24)
    G2                           115 (55)                 44 (58)
    G3                             65 (32)                14 (18)
  Histological type                                       
    Squamous cell carcinoma        75 (36)                36 (47)
    Adenocarcinoma               131 (64)                 40 (53)
  Lymph node metastasis                                   
    Absent                         70 (34)                36 (47)
    Present                      136 (66)                 40 (53)
  Tumor stage                                             
    I--II                        158 (72)                 42 (55)
    III--IV                        48 (28)                34 (45)

Cohort 1 were assessed by reverse transcription-quantitative polymerase chain reaction and cohort 2 were assessed by immunohistochemistry. G, grade.

###### 

Primers used for polymerase chain reaction analysis.

  Gene                                                           Primer sequences                 Product size (bp)
  -------------------------------------------------------------- -------------------------------- -------------------
  GAPDH                                                                                           
    Forward                                                      5′-GGAGCCAAAAGGGTCATCATCTC-3′    233
    Reverse                                                      5′-GAGGGGCCATCCACAGTCTTCT-3′     
  MAGE-A3                                                                                         
    Forward                                                      5′-AGTCCGAGTTCCAAGCAG-3′         239
    Reverse                                                      5′-GCAGGTGGCAAAGATGTA-3′         
  MAGE-C2                                                                                         
    Forward                                                      5′-TGAGTTAGAAGACTGGGTAGATGC-3′   189
    Reverse                                                      5′-ATGCTCTCGGTAAGATTTGGTATC-3′   
  HLA-A2-internal^[a](#tfn2-ol-0-0-5665){ref-type="table-fn"}^                                    
    Forward                                                      5′-GCGCCGTGGAAGAGGGTCG-3′        236
    Reverse                                                      5′-CCCGTCCCAATACTCCCGA-3′        
  HLA-A2-outer                                                                                    
    Forward                                                      5′-GGTCCGGAGTATTGGGACG-3′        511
    Reverse                                                      5′-GTGCTTGGTGGTCTGAGCT-3′        
  E-cadherin                                                                                      
    Forward                                                      5′-TGCCCAGAAAATGAAAAAGG-3′       200
    Reverse                                                      5′-GTGTATGTGGCAATGCGTTC-3′       
  N-cadherin                                                                                      
    Forward                                                      5′-ACAGTGGCCACCTACAAAGG-3′       200
    Reverse                                                      5′-CCGAGATGGGGTTGATAATG-3′       
  Vimentin                                                                                        
    Forward                                                      5′-GAGAACTTTGCCGTTGAAGC-3′       163
    Reverse                                                      5′-GCTTCCTGTAGGTGGCAATC-3′       
  SLUG                                                                                            
    Forward                                                      5′-GGGGAGAAGCCTTTTTCTTG-3′       158
    Reverse                                                      5′-TCCTCATGTTTGTGCAGGAG-3′       

cDNA was first amplified using the HLA-A2-outer primer, then the product was used in amplification using the HLA-A2-internal primer. MAGE, melanoma-associated antigen; HLA, human leukocyte antigen; E-cadherin, epithelial-cadherin; N-cadherin, neural-cadherin; SLUG, snail family transcriptional repressor 2; bp, base pairs.

###### 

Association between MAGE-A3/C2 mRNA expression and the clinicopathological characteristics of patients with non-small cell lung cancer in cohort 1.

                              Cancer germline gene-expressing samples (%)                                                                            
  --------------------------- --------------------------------------------- ---------------------------------------------------- ---- ------- ------ ----------------------------------------------------
  Age at diagnosis (years)                                                                                                                           
    \<65                      74                                            0.733                                                57   0.072     50   0.002^[a](#tfn3-ol-0-0-5665){ref-type="table-fn"}^
    ≥65                       71                                                                                                 44             33   
  Gender                                                                                                                                             
    Male                      76                                            0.238                                                50   0.109     43   0.228
    Female                    68                                                                                                 60             50   
  Histological grade                                                                                                                                 
    G1                        69                                            0.694                                                50   0.872     39   0.310
    G2                        72                                                                                                 52             42   
    G3                        77                                                                                                 55             52   
  Histological type                                                                                                                                  
    Squamous cell carcinoma   76                                            0.624                                                47   0.112     40   0.192
    Adenocarcinoma            72                                                                                                 57             47   
  Lymph node metastasis                                                                                                                              
    Present                   84                                            0.012^[a](#tfn3-ol-0-0-5665){ref-type="table-fn"}^   53   0.554     53   0.061
    Absent                    68                                                                                                 53           440    
  Tumor stage                                                                                                                                        
    I                         66                                            0.006^[a](#tfn3-ol-0-0-5665){ref-type="table-fn"}^   52   0.853     39   0.014^[a](#tfn3-ol-0-0-5665){ref-type="table-fn"}^
    II                        79                                                                                                 54             54   
    III--IV                   90                                                                                                 56             56   
  HLA-A2 expression                                                                                                                                  
    Positive                  77                                            0.270                                                56   0.272     47   0.503
    Negative                  70                                                                                                 51             42   

P\<0.05. MAGE, melanoma-associated antigen; HLA, human leukocyte antigen.

###### 

Association between MAGE-A3/C2 protein expression and the clinicopathological characteristics of patients with non-small cell lung cancer in cohort 2.

                              Number of samples (%)                                                                          
  --------------------------- ----------------------- ---------------------------------------------------- ---- ------- ---- ----------------------------------------------------
  Gender                                                                                                                     
    Male                      52                      0.115                                                58   0.145   36   0.513
    Female                    69                                                                           42           39   
  Age (years)                                                                                                                
    \<65                      62                      0.223                                                56   0.535   40   0.296
    ≥65                       50                                                                           46           31   
  Lymph node metastasis                                                                                                      
    Present                   69                      0.044^[a](#tfn4-ol-0-0-5665){ref-type="table-fn"}^   61   0.120   53   0.143
    Absent                    46                                                                           53           40   
  Histological grade                                                                                                         
    G1                        67                      0.503                                                50   0.292   39   0.172
    G2                        52                                                                           48           30   
    G3                        64                                                                           71           57   
  Histological type                                                                                                          
    Squamous cell carcinoma   59                      0.535                                                62   0.144   41   0.320
    Adenocarcinoma            57                                                                           45           35   
  Tumor stage                                                                                                                
    I                         45                      0.038^[a](#tfn4-ol-0-0-5665){ref-type="table-fn"}^   42   0.271   24   0.030^[a](#tfn4-ol-0-0-5665){ref-type="table-fn"}^
    II                        56                                                                           67           33   
    III--IV                   71                                                                           59           50   

P\<0.05. MAGE, melanoma-associated antigen.

###### 

Univariate and multivariate analyses of clinicopathological characteristics associated with overall survival in cohort 2 patients with non-small cell lung cancer.

                          Univariate analysis   Multivariate analysis                                                                               
  ----------------------- --------------------- ----------------------- ---------------------------------------------------- ------- -------------- ----------------------------------------------------
  Age                     1.158                 0.576--2.328            0.679                                                1.342   0.617--2.919   0.458
  Gender                  0.865                 0.453--1.652            0.660                                                0.962   0.425--2.177   0.926
  Histological type       1.879                 0.995--3.545            0.052                                                1.057   0.416--3.879   0.364
  Lymph node metastasis   3.077                 1.575--6.011            0.001^[a](#tfn5-ol-0-0-5665){ref-type="table-fn"}^   0.343   0.083--1.418   0.140
  Tumor stage             2.159                 1.475--3.162            0.000^[a](#tfn5-ol-0-0-5665){ref-type="table-fn"}^   3.505   1.582--7.766   0.002^[a](#tfn5-ol-0-0-5665){ref-type="table-fn"}^
  Histological grade      0.971                 0.568--1.659            0.914                                                0.733   0.416--1.290   0.281
  MAGE-A3                 4.129                 1.888--9.030            0.000^[a](#tfn5-ol-0-0-5665){ref-type="table-fn"}^   3.226   1.446--7.918   0.004^[a](#tfn5-ol-0-0-5665){ref-type="table-fn"}^
  MAGE-C2                 2.143                 1.111--4.133            0.032^[a](#tfn5-ol-0-0-5665){ref-type="table-fn"}^   1.909   0.954--3.821   0.068

P\<0.05. MAGE, melanoma-associated antigen; HR, hazard ratio; CI, confidence interval.

[^1]: Contributed equally
